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Heterogeneous changes in the surface area of lakes in the Kangerlussuaq area of
southwestern Greenland between 1995 and 2017
A. C. Law , A. Nobajas , and R. Sangonzalo
School of Geography, Geology and the Environment, Keele University, Keele, Staffordshire
ABSTRACT
Global climate change has increased temperatures and precipitation in the Arctic throughout the
past thirty years. Lakes across the Arctic have demonstrated spatially and temporally variable
trends in size and number because of these climate changes. Modifications in the hydrological
budget and surface hydrology of Arctic regions have important implications for aquatic ecosys-
tems and biogeochemical cycles. Since 1960 the ice-free region of southwestern Greenland
(between Sisimiut, Kangerlussuaq, and the ice margin) has experienced temperature increases,
while precipitation has risen at the coast at Sisimiut and has fallen inland at Kangerlussuaq.
However, it remains unknown whether the lakes in this region have responded to these tem-
perature and precipitation changes. Therefore, the surface area of 186 lakes was calculated from
Landsat imagery for 1995, 2002, 2015, 2016, and 2017 to establish whether lakes in this region
have changed in size during a twenty-two-year period. Lake surface area decreased by 855,449 m2
between 1995 and 2017. The greatest lake surface area changes occurred between 2002 and
2015, with large variations also between 2015 and 2016. Lakes close to Kangerlussuaq (area 1)
demonstrated the greatest loss in lake surface area (−1.40 km2). It is proposed that this trend
reflects high evaporation totals as a result of increasing temperatures and longer ice-free periods
in this area. Lakes close to Sisimiut at the coast (area 2) exhibit a net increase in lake surface area,
which could reflect the increase in precipitation experienced in this area during the study period.
However, not all lakes in the study areas responded in a uniform manner. These heterogeneous
changes in lake surface area may reflect how changes in regional climate are interacting with
catchment geomorphology, and highlight the importance of individual catchment and lake
characteristics in determining lake response to climatic change in this region.
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Introduction
During the past 100 years the Arctic has experienced
enhanced warming (Kaufman et al. 2009) and is predicted
to experience increased precipitation relative to lower lati-
tudes as a result of future global climate change (Stocker
2014). These climatic changes are modifying the hydrolo-
gical budget, hydrological processes (Francis et al. 2009),
aquatic ecosystems, and biogeochemical cycles (Anderson
et al. 2017), including the carbon cycle of Arctic regions
(Abnizova et al. 2012; Tranvik et al. 2009). In the Arctic, the
hydrological cycle connects the atmosphere with the cryo-
sphere and the terrestrial component of the Arctic land
system, facilitating the transfer of water, nutrients, and
sediments between ice sheets, rivers, lakes, soils, and per-
mafrost, and supporting biogeochemical processes
(i.e., weathering and nutrient cycling) and aquatic
ecosystems (Anderson et al. 2017). Increased precipitation
and temperatures are also raising permafrost temperatures
(Romanovsky, Smith, and Christiansen 2010), increasing
active layer depth, discharging water previously trapped in
the permafrost store to the surface store (lakes, rivers, and
soils), and releasing stored carbon (Serreze et al. 2000),
which can be transported to other stores in the system
(lakes, rivers). Warmer temperatures have altered terres-
trial ecosystems (Post et al. 2009) and have produced a
number of physical changes (e.g., ice cover, stratification,
light availability) to lakes, which have changed lake ecosys-
tems in the Arctic (Hobbs et al. 2010; Perren, Bradley, and
Francus 2003; Rühland, Paterson, and Smol 2015).
Arctic lakes in permafrost regions demonstrate
diverse trends in response to warmer air and soil tem-
peratures. A number of studies from discontinuous
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permafrost zones indicate that thermokarst lakes are
declining in number and aerial extent as a result of
warmer air and soil temperatures. For example, in
boreal Alaska shallow closed-basin ponds decreased in
number and size from 1950 to 2002 (Riordan, Verbyla,
and McGuire 2006); fifty lakes on the Arctic Coastal
Plain have decreased in size or have completely disap-
peared from 2000 to 2009 (Hinkel et al. 2007); and a
study from the early 1970s to 2004 of more than 10,000
Siberian thermokarst lakes revealed that, despite pre-
cipitation increases, overall lake number decreased and
area declined by 6 percent (Jones et al. 2011; Smith
et al. 2005). The processes responsible for the decline in
lake number and area in discontinuous permafrost
regions in the Arctic are evaporation and permafrost
degradation triggered by temperature increases and
subsequent thermokarst lake drainage (Smith et al.
2005). However, lakes in some discontinuous perma-
frost regions in areas such as Alaska, Sweden, and
Russia have not shown any net change in size or num-
ber in relation to warming during the period of
1970–2000 (Sannel and Kuhry 2011). Similarly, in
areas of continuous permafrost, lakes have also dis-
played variable responses to climate change during the
past approximately sixty-five years. For Example, lake
surface area has decreased in Canada (Carroll et al.
2011), with negligible change in Alaska (Hinkel et al.
2007; Riordan, Verbyla, and McGuire 2006) and an
increase in area and number because of greater active-
layer depth and water storage in Siberian lake catch-
ments (Smith et al. 2005).
Greenland has experienced some of the most rapid
and nonlinear changes in the Arctic as a result of
climate change, and between 2007 and 2012 mean
annual air temperatures were 3°C higher than between
1979 and 2000 (Mayewski et al. 2014). Warming air
temperatures since 1990 have been significantly corre-
lated to accelerated ice discharge rates (Hanna et al.
2008; Zwally et al. 2001) and thinning (Pritchard et al.
2009) of the Greenland Ice Sheet (GIS). In southwes-
tern Greenland, the Kangerlussuaq outlet glaciers have
experienced rapid thinning and recession following a
twenty-year period (1980–2000) of thickening (Knight
et al. 2007). This has resulted in an increase in supra-
glacial lakes along the western margin of the GIS
(Fitzpatrick et al. 2014), which drain meltwater via
moulins to the ice-sheet margins, increasing the num-
ber of ice-marginal lakes (Anderson et al. 2017). During
the past twelve years the closed-basin oligosaline lakes
at the head of the fjord have experienced drowned
shrub tundra along the shorelines as a result of lake
levels increasing by 2.5 m (Figure 2). Future climate
change is projected to be the most pronounced in
Arctic regions (Kattsov et al. 2005). Given that lakes
are key components of the Arctic hydrological cycle,
Arctic ecosystems, and biogeochemical cycling, it is of
paramount importance to accurately understand how
lake systems in Arctic regions have changed and will
continue to do so in the future. However, it is unknown
whether the lakes in this region of southwestern
Greenland have been affected by warmer temperatures
(Hanna et al. 2008) and an increase in precipitation in
coastal localities and a decrease inland, closer to the ice
margin, during the past approximately forty years
(Mernild et al. 2014). This article aims to assess, for
the first time in this region, whether lake surface area
has changed during a twenty-two-year period (1995–
2017) coincident with higher temperatures and
increased precipitation at the coast and decreased pre-
cipitation inland. Landsat aerial imagery from 1995,
2002, 2015, 2016, and 2017 was used to calculate lake
surface-area changes for lakes greater than 40 ha in
southwestern Greenland.
Study sites
The approximately 150 km-wide region stretching from
the ice margin to the coast near the town of Sisimiut is
the largest ice-free expanse of land in southwestern
Greenland (Figure 1). This region has approximately
20,000 lakes (Anderson et al. 2001), which have formed
in former glacial scour basins as the ice-sheet margin
retreated from the coast at the end of the Holocene
(~11,000 ka yr BP) to its present-day position (van
Tatenhove, van der Meer, and Koster 1996; Wagner
and Bennike 2012). The majority of the lakes are
small and less than 40 ha in size. With the exception
of some lakes in area 1, which demonstrate elevated
conductivities, and the closed-basin (no outflow) lakes
at the head of the fjord close to Kangerlussuaq, which
are oligosaline (Böcher 1949; Williams 1991), most
lakes in the region have open basins (inflow and out-
flow) and are oligotrophic (Anderson et al. 2001). The
geology of this region is characterized by Archaean
gneiss and Quaternary till deposits (Jensen et al. 2002).
This region is underlain by continuous permafrost,
although evidence for discontinuous permafrost has
been identified in the Umimmalissuaq Valley (Henkner,
Scholten, and Kühn 2016) close to the ice margin, and
through-taliks have been identified under some of the
larger lakes in the region (Harper et al. 2011; Johansson
2015a). Temperature measurements from deep bedrock
boreholes suggest that permafrost extends to 350–400 m
depth (Liljedahl et al. 2015). Although, around
Kangerlussuaq permafrost is estimated to be 127 ±31 m
deep, and at the coast near Sisimiut, where the maritime
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influence warms soils, permafrost is 33 ±9 m deep (van
Tatenhove and Olesen 1994). Active-layer depth varies
between 0.15 cm and 5 m in the region between the
airport at Kangerlussaq and the ice margin, depending
on soil and vegetation cover (van Tatenhove and Olesen
1994). Near the ice margin, peat-bog borehole measure-
ments at 430 m a.s.l. indicate that active-layer depth is
30 cm (Ingeman-Nielsen et al. 2012), while in glaciomar-
ine silts close to Kangerlussuaq Airport (Christiansen
et al. 2010) the active layer is at least 1.8 m deep and is
2.3 m deep in Sisimiut (van Tatenhove and Olesen 1994).
A low-arctic climate characterizes the region with a
maritime, cool, and wet coast and a continental, arid, and
warmer interior (Figure 1). Inland at Kangerlussuaq, the
mean air annual temperature (MAAT) is −6°C with an
annual temperature range of 29°C (−18°C–10.5°C). A
smaller temperature range of 19°C (−12°C–7°C) is
experienced at the coast where average precipitation is
greater than 300 mm yr−1, double that received
(~150 mm yr−1) inland (Hasholt and Søgaard 1978).
However, data collected from Kangerlussuaq Airport
indicate that the climate has become warmer since
1974; MAAT between 1974 and 2012 was −5°C, and
between 2001 and 2012 it was −3.9°C (Mernild et al.
2014). Warming temperatures have also been observed
in coastal regions around Greenland (Hanna et al. 2012).
Mean annual precipitation (MAP) data collected from
Kangerlussuaq Airport also demonstrate an insignificant
increase; MAP was 242 mm from 1981 to 2012 and
258 mm from 2001 to 2012 (Mernild et al. 2015).
Inland, as a result of the warm, arid, and continental
climate, August evaporation totals can range between
0.83 and 1.62 mm day−1 (Johansson et al. 2015b).
The hydrological budgets of the lakes in southwestern
Greenland are controlled by regional climate and, in
particular, snow cover (Anderson and Stedmon 2007),
evaporation, soil temperature, and active-layer inflow
(Johansson et al. 2015a). The lakes in this study do not
receive any water from the GIS and are precipitation
driven. The lakes located east of 52°W, at the head of
the fjord and toward the ice sheet (Figure 1; area 1),
receive most of their inputs from the surface active layer
during the spring melt. Despite maximum precipitation
occurring in the summer months (peaks in August) in the
inland region (Cappelen 2017), the warm, arid, continen-
tal climate results in an effective negative precipitation-
evaporation ratio, because most water is evaporated or
sublimated before it reaches the lakes (Anderson et al.
2001; Anderson and Stedmon 2007; Böcher 1949; Leng
and Anderson 2003). As a result of the cooler, wetter
climate of the coast and the presence of fog banks, which
reduce radiative outputs (Hasholt and Søgaard 1978),
these lakes experience net precipitation gains, receiving
water from both precipitation events and large thawing
snowpacks throughout the summer months.
Methods
Landsat data covering the study region, occupying the
ice-free region of southwestern Greenland between
Sisimiut, Kangerlussuaq, and the ice margin
(Figure 1), were used to identify trends in lake surface
Figure 1. Map of the three study areas (marked as 1, 2, and 3) located in southwestern Greenland in relation to the Greenland Ice
Sheet, the coast near Sisimiut, and the climatic gradient (maritime at the coast and continental inland), which is present in this
region.
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area during the twenty-two-year period (1995–2017).
The Landsat satellite program provides the longest-
running available imagery of the study area
(Woodcock et al. 2008). Additionally, an Advanced
Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model
(GDEM), 25 m resolution, from 2011 was used to study
the relationship between the development of lakes and
their shapes according to their surrounding slope
(ASTER Global Digital Elevation Model (Version 2)).
Only Landsat images corresponding with Path 08
and Row 13, which had low cloud cover (less than
20%) and were obtained during the summer months
(June, July, and August), were used to minimize seaso-
nal changes in the lakes’ water levels. This is because
lake levels in this region generally decline from June to
September and remain low until the spring thaw
(Johansson et al. 2015b). However, these constraints
meant that, because of the usual cloudiness of the
area (Griggs and Bamber 2008), only a limited amount
of imagery was suitable for the study. Therefore,
although Landsat imagery is available from 1972
(Woodcock et al. 2008), only five snapshots for the
years 1995, 2002, 2015, 2016, and 2017 were used,
because they contained all the necessary requirements
for analysis (Table 1).
To obtain good accuracy delimiting the boundaries
of the lakes, Landsat missions with Thematic Mapper
sensors were used to compare images from newer
satellite data. The Landsat Thematic Mapper intro-
duced three new spectral bands (seven in total),
increased spatial resolution from 60 m to 30 m, and
improved the spectral and radiometric resolution sen-
sitivity (Schowengerdt 2006).
The ASTER is one of the sensors onboard the Terra
satellite. The main objective of the mission was to give
a holistic approach to the Earth system, providing full
coverage. One of the goals, among different conditions
such as measuring temperature or reflectance, was the
production of a GDEM (Version 2) of one arc-second,
being the largest coverage of the earth’s surface
(Lillesand, Kiefer, and Chipman 2014). The ASTER
official GDEM has proved to be suitable for a range
of environmental mapping tasks, such as landform
studies, at greater than 1:50,000 scales (Hirano,
Welch, and Lang 2003).
In line with the work of Smith et al. (2005), and
because of the spatial resolution of the imagery, only
those lakes that were larger than 40 ha in 1995 were
considered for analysis. Out of the different bands
that Landsat Thematic Mapper provides (Price, Guo,
and Stiles 2002), the image composite was created by
using the Green, Infrared, and SWIR 2 bands,
because they highlight deep water (Ji, Zhang, and
Wylie 2009) following the Modified Normalised
Difference Water Index (Xu 2006). This approach
allows for the differentiation between lakes that
receive a high sediment yield because they are hydro-
logically connected to the ice margin, not included as
part of the research, and those that are isolated from
the ice margin and receive no glacial input (water or
sediment). It is also important to note that only
Level-2 Landsat data have been used, which support
land-surface change studies as they are atmospheri-
cally corrected and ease the comparison between
different images and years (USGS 2017).
All images were clipped to avoid those areas that had
clouds, which could lead to chromatic distortion
(Huang et al. 2010), and were posteriorly processed
using two land-cover pixel classification methods.
Lakes from images captured in 2002, 2015, 2016, and
2017 were initially processed using an Iso Cluster
Unsupervised Classification (Manjula et al. 2011), as
the image quality was good enough to automate the
process while, because of the 1995 image characteris-
tics, it was deemed that a manual approach via a
supervised signature classification method was more
suitable (Bahadur 2009). However, due to the presence
of atmospheric distortions caused by dust and water
vapor, and because of the existence of shadows cast by
topographic relief in certain areas due to the sun’s
position (Ji et al. 2015; Knight, Tindall, and Wilson
Table 1. Technical details of the imagery used, including date obtained, satellite, spatial resolution and image code. Also listed are
the sensor types including Thematic Mapper (TM), Enhanced Thematic Mapper (ETM), Operational Land Imager (OLI), and Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER).
Date Satellite Spatial Resolution Sensor Landsat Image Identification
June 22, 1995 Landsat 5 30 m TM LT50080131995173PAC00
August 20, 2002 Landsat 7 30 m ETM+ LC80080132017249LGN00
July 15, 2015 Landsat 8 30 m ETM+ and OLI LC80080132015196LGN01
October 17, 2011 Terra 1 arc-second (30 m) ASTER NA
August 18, 2016 Landsat 8 30 m ETM+ and OLI LC80080132016231LGN01
September 6, 2017 Landsat 8 30 m ETM+ and OLI LC80080132017249LGN00
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2009), lake limits were more precisely mapped through
hand digitization as well.
The study area was divided into three subareas to
take into consideration the different climatic and
topographical characteristics of the region (Figure 1;
see study sites): areas 1 and 3 have a dry, arid con-
tinental climate and a low-lying, undulating topogra-
phy; area 2 has a cool, wet, maritime climate with a
higher mountainous relief. By comparing the surface
area of the lakes in 1995, 2002, 2015, 2016, and 2017,
it has been possible to identify the trends in the size
of the studied lakes. The results are presented as
absolute changes in surface area (m2/km2) and per-
centage changes by area and of the entire region.
However, it should be noted that the morphology of
lake shores and surrounding areas has an impact on
how lake-size change is noticed in an aerial image
(Gupta and Banerji 1985; Lu et al. 2004).
Consequently, the results of this study are an indica-
tion of the direction of change rather than an accu-
rate quantification of change in this region.
Additionally, the average slope of the areas surround-
ing the lakes has been calculated to check that
changes in water content would be observable using
satellite imagery. Because all studied lakes have slopes
of less than 31°, and 85 percent of them have average
inclinations of less than 20°, it can be accepted that
the use of orthogonal aerial imagery to represent the
directionality of the water-quantity change provides
adequate results.
Results
The surface area of the 186 lakes has decreased by
approximately 855,450 m2 between 1995 and 2017
(Figures 2, 3, 4, and 5, Table 2), representing a −0.28
percent decrease in total lake surface area during this
period (Table 2). Only a small proportion of lakes
contributed to this decreasing trend in lake surface
area, and just more than half of the lakes experienced
no net change in lake surface area: 47 (25.3%) of the
186 lakes increased, 70 (37.6%) decreased, and 69
(37.1%) stayed the same (Figure 6).
The three study areas exhibit unique overall trends
in the direction of net change in lake surface area
(Figures 2, 3, and 4): lakes in area 1 experienced the
greatest change in surface area, with a 1,396,900 m2
decline in lake surface area, and the surface area of
the lakes in areas 2 and 3 increased and decreased by
568,680 m2 and 27,228 m2, respectively (Table 2,
Figure 5). These values correspond to percentage
changes in overall lake surface area of −1.43, 0.39,
Figure 2. Map showing the lakes that have not changed in surface area (yellow), have increased in surface area (green), and have
decreased in surface area (red) in area 1 between 1995 and 2017. The black square highlights the four closed-basin lakes that
increased in lake surface area.
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and −0.04 for study areas 1, 2, and 3 (Table 2),
respectively, between 1995 and 2017 of the total
cumulative change (−0.28%). Net changes in lake
surface area were not experienced in a uniform man-
ner across all lakes within the region and individual
study areas (Figures 2, 3, and 4). In area 1 most lakes
(twenty-eight) have decreased in lake surface area,
whereas the majority of lakes in area 2 (thirty-five)
have not changed in surface area. In area 3, approxi-
mately a third (eighteen) of the lakes demonstrate no
net change in lake surface area (Figure 6). The largest
changes in lake surface area in all three study regions
occurred between 1995–2002 and 2015–2016, and
only minimal changes in lake surface area occurred
during the period 1995–2002 (Figure 7).
Discussion
Regional climate intensification and climate
change
Changes in lake surface area have been spatially and
temporally heterogeneous during the twenty-two-year
study period between 1995 and 2017. However, the
lakes in area 1 are characterized by a net decrease in
lake surface area and the lakes in area 2 by a net
increase (Figures 2, 3, 5, and 7). Although the net
cumulative percentage change of the lakes is small
overall (−0.28%), it equates to a loss in lake surface
area of 0.86 km2 during the twenty-two-year period
(Figure 5, Table 2). However, only seventy (37.6%) of
the lakes are responsible for this net loss in lake surface
Figure 3. Map showing the lakes that have not changed in surface area (yellow), have increased in surface area (green), and have
decreased in surface area (red) in area 2 between 1995 and 2017.
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area in this region, despite some lakes increasing or
showing no change in lake surface area (Figures 2, 3,
4, and 6).
The greatest change in lake surface area is exhib-
ited by area 1 (Figures 2, 5, 7, and 8, Table 2). Here,
despite some lakes increasing in surface area
(0.18 km2), the area has experienced a net lake sur-
face-area decrease of 1.4 km2 for the period
1995–2017 (Figure 7). Conversely, area 2 exhibits a
net increase in lake surface area during the twenty-
two-year study period of 0.57km2. The contrasting
trends in lake surface-area development between
area 1 and 2 (Figures 5, 7, and 8) could reflect
changing precipitation and temperature patterns in
the region, which have intensified the climatic gra-
dient (Figure 1) present in this region of Greenland
(Mernild et al. 2015). The hydrological budget of
lakes in area 1 is controlled by inputs from the
spring snowmelt in early April and May and sum-
mer precipitation events. However, net evaporation
Figure 4. Map showing the lakes that have not changed in surface area (yellow), have increased in surface area (green), and have
decreased in surface area (red) in area 3 between 1995 and 2017.
Figure 5. Net changes in lake surface area in m2 for areas 1, 2, 3, and the entire region between 1995 and 2017 (total).
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(including sublimation) is often greater than net
precipitation, and most snowmelt and summer pre-
cipitation are evaporated before reaching the lakes
(Anderson et al. 2001; Willemse et al. 2004). Area 2,
where the greatest increases in lake surface area
were displayed (0.57 km2; Table 1 and Figure 7),
experiences lower temperatures and evaporation
totals relative to area 1, but also greater mean
annual precipitation totals (Mernild et al. 2014).
Between 2001 and 2012 the climatic gradient
between Sisimiut (area 2) and Kangerlussuaq (area
1) intensified; Sisimiut experienced an increase in
annual precipitation of 48.5 mm w.e. yr−1, while
inland at Kangerlussuaq, precipitation decreased by
−2.8 mm w.e. yr−1 (Mernild et al. 2015).
Additionally, meteorological data from
Kangerlussauq suggest that mean summer tempera-
tures increased by approximately 2°C between 1995
and 2017 (Figure 9). The increase in temperature in
area 1 may have also raised evaporation rates from
lakes and their catchments, which combined with
low precipitation totals has contributed to a large
decrease in lake surface area relative to area 2,
where precipitation increased between 2001 and
2012 (Mernild et al. 2015). Higher summer
temperatures are also likely to increase the duration
of the ice-free period in area 1, allowing higher
evaporative losses to take place relative to cooler
years when ice cover remains on the lakes longer
into the summer months.
Area 3 displays the smallest net changes in lake surface
area and exhibits trends comparable to area 1 between
1995 and 2015; large decreases in lake surface area
between 2015 and 2016 resulted in a small net decrease
of 0.03 km2 (Table 2, Figure 7). Meteorological data
directly associated with area 3 are not available, making
it difficult to suggest why these trends are apparent.
However, precipitation trends demonstrate complex spa-
tial and temporal patterns in Greenland (Mernild et al.
2015), and microclimate can vary across short distances
and between lake catchments (Henkner, Scholten, and
Kühn 2016; Johansson et al. 2015a). Furthermore, these
results may suggest that other catchment scale factors
interact with climate to produce variable trends in lake
surface area.
The largest changes in lake surface area across the
region occurred between 2002 and 2015 (Figure 7),
suggesting that a significant change in precipitation,
temperature, evaporation, and catchment conditions
(e.g., change in active-layer depth) may have
Table 2. Table displaying the change in the surface area of lakes (>40 ha) from the study region by area (1, 2, and 3) in 1995, 2002,
2015, 2016, and 2017, and the net surface-area change (km2, m2, and %) between 1995 and 2017.
Area
Total
Number of
Lakes
>40 ha
Surface Area
of Lakes
(km2) in
1995
Surface Area
of Lakes
(km2) in
2002
Surface Area
of Lakes
(km2) in
2015
Surface Area
of Lakes
(km2) in
2016
Surface Area
of Lakes
(km2) in
2017
Net Change:
Surface Area of
Lakes (km2)
1995–2017
Net Change:
Surface Area of
Lakes (m2)
1995–2017
Change in
Lake Surface
Area
1995–2017 (%)
Area 1 52 97.42 97.49 96.62 96.21 96.03 −1.40 −1,396,900 −1.43
Area 2 82 145.61 145.58 145.74 145.38 145.53 0.57 568,680 0.39
Area 3 52 66.82 66.82 67.03 66.79 66.80 −0.03 −27,228 −0.04
Total 186 309.86 309.89 309.38 308.38 308.35 −0.86 −855,449 −0.28
Figure 6. Number of lakes that demonstrated an increase (black), decrease (grey), and no change (white) in lake surface area
between 1995 and 2017 for areas 1, 2, and 3. Also displayed above each bar are the change as a percent of the total area and change
in m2.
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occurred at most of the lakes during this time period.
This period is associated with the warmest summers
(June, July, and August) on record (1965–2006) dur-
ing 2003, 2005, and 2006 (Hanna et al. 2008) and
2010 and 2012 (Cappelen 2017), and could account
for these temporal trends in lake surface-area change
through increased evaporation from the lake and
catchment combined with a longer ice-free period.
During the same time interval (2002–2015) the lar-
gest increases in lake surface area in area 2 were also
Figure 7. The direction of change in lake surface area in m2 and percent for each area (1, 2, and 3) for 1995–2002 (95–02),
2002–2015 (02–15), 1995–2015 (95–15), 2015–2016 (15–16), 2016–2017 (16–17), and 1995–2017 (95–17). Black represents net
change, dark grey represents the decrease, and light grey represents the increase.
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recorded (Table 2, Figure 7), possibly reflecting
increased precipitation, and the intensification of
the regional climatic gradient in this region was
most pronounced during this time period (Mernild
et al. 2015).
Lake catchment characteristics
Lake catchment geomorphology plays an important role in
producing heterogeneous changes in lake surface area in
response to changes in precipitation and temperature.
Lakes that occupy steep, high-sided catchments will not
likely display a change in lake surface area that can be
detected by the methodology used. Lake catchments with
large flat catchments and shallow bathymetries are more
sensitive to increases and decreases in lake surface area
through changes in precipitation, temperature, and eva-
poration and increased active-layer depth or through-talik
recharge. Additionally, the altitude of the outflow limits
howmuch the lake level can increase before water flows out
of the catchment. Compared to the larger lakes, the smaller
study lakes (< ~3000000m2) demonstrate greater net
Figure 8. The net change in lake surface area of lakes in area 1 (black circle), area 2 (grey circle), and area 1 (white circle) by lake
location (longitude) in the regional study area between 1995 and 2017.
Figure 9. The mean summer (June, July, and August) temperature (T°C) and precipitation (mm) for Kangerlussuaq from 1994 to
2016. Also presented are the net changes in surface area (m2) for the three areas used in the study (area 1 as black, area 2 as grey,
and area 3 as white bars) for the time periods 1995–2002 (95–02), 2002−2015 (02–15), 2015–2016 (15–16), 2016–2017 (16–17), and
1995–2017 (95–17). Temperature and precipitation data are taken from Cappelen (2017).
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changes in lake surface area (Figure 10). The smaller lakes
(< ~3000000m2) from areas 1 and 2 show the greatest net
change. These results highlight further the possible con-
nections between the lakes and the intensification of the
regional climate in areas 1 and 2. Although lakes with a
higher surface area lose more water through evaporation,
they are not as sensitive to evaporation increases as smaller
lakes (Figure 9; area 1), which lose a higher proportion of
their water compared to large lakes. Similarly, smaller lakes
(Figure 9; area 2) are more sensitive to precipitation
increases or hydrological input from other sources in the
catchment (e.g., the active layer). Furthermore, lakes with a
large lake:catchment area ratio are likely buffered against
large-scale changes in the hydrological budget compared to
lakes with a small catchment area:lake ratio. To test
whether lake:catchment area ratios ratios contributed to
the heterogeneity of lake-level response in the study lakes,
catchment lake areas were plotted against net surface-area
change (Figure 11). The results highlight that catchment:
lake ratios are not a reliable indicator of determining lake
surface-area response to increases or decreases in water
content (Figure 11). Geomorphological differences could
allow lakes with the same lake:catchment area ratio, which
receive the same hydrological inputs and outputs, to
respond differently. Two lakes with the same catchment:
lake area ratio could have contrasting geomorphologies:
one could have a really high, steep catchment and be
sensitive to change whereas the other could have a flatter
catchment and bemore sensitive to change. This is demon-
strated by a number of lakes as highlighted in Figure 11.
The lakes have not evolved in a uniform way, with
approximately 37.1 percent of lakes demonstrating no net
change in lake surface area, and 25.3 percent and 37.6
percent displaying an increase and a decrease, respectively
(Figure 6). Regional climatic differences and catchment
geomorphology may account for some of this variability.
Lake catchments have unique geomorphological and biotic
characteristics, which can interact with climate to produce
variable lake responses (Law, Anderson, and McGowan
2015). Vegetation type and density could, at some lakes
(e.g., area 1), cause elevated rates of evapotranspiration and
accelerate lake surface-area loss. Within a lake catchment,
ground surface and air temperatures can vary depending
on slope, aspect, vegetation cover, soil type, and thickness
and duration of snow cover. Therefore, permafrost and
active-layer depth and the hydrology of catchments may
also vary considerably within and between lake catch-
ments. For example, south-facing slopes generate deeper
active-layer melting (Lewis, Lafrenière, and Lamoureux
2012) and lakes also experience their own microclimate
(Henkner, Scholten, and Kühn 2016; Johansson et al.
2015a). For example, in area 1 high evaporation rates
cannot account for the increase in lake level of ten lakes
between 1995 and 2017, four of which are closed basins
(Figure 2). This evidence suggests that an alternative
mechanism could be responsible for the increase in the
surface area of these lakes. One possible mechanism is that
temperature increases and precipitation decreases in area 1
are increasing active-layer depth, causing water to infiltrate
through to the lower areas of the catchment and to accu-
mulate in the closed basins. Another possiblemechanism is
that some of the lakes may be underlain by a through-talik,
which is causing groundwater to recharge the lakes. Deep
permafrost in this region (up to 300 m) is assumed to limit
any lake recharge from the groundwater store. However,
the permafrost is less deep in some areas and may not be
Figure 10. Net change in lake surface area (m2) plotted against lake surface area (m2) for area 1 (black circle), area 2 (grey circle),
and area 3 (white circle) for the study region.
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continuous in extent (Henkner et al. 2016: Johansson et al.
2015b). Additionally, warmer air temperatures may pro-
mote increased lake temperatures for longer periods of
time, which can facilitate increased talik depths under
lakes (Romanovsky, Smith, and Christiansen 2010;
Vaughan et al. 2013). It is unknownwhether through-taliks
(the area under a lake where permafrost is thawed and
connects the lake with the groundwater) exist under any of
the study lakes; however, a through-talik has been identi-
fied under Two Boat Lake in southwestern Greenland,
which provides small contributions to lake recharge
(Harper et al. 2011; Johansson et al. 2015b). Furthermore,
it is proposed that through-taliks may exist under large
lakes (> 400 m in diameter) in southwestern Greenland,
equivalent to 20 percent of lakes (Liljedahl et al. 2015).
Consequently, despite the presence of continuous perma-
frost in this region, through-taliks could become more
widespread because of recent increases in air, soil, and
lake temperatures (Romanovsky, Smith, and Christiansen
2010; Vaughan et al. 2013) acting as possible recharge and
discharge pathways between lakes and the groundwater
store (Bosson et al. 2013; Kane, Yoshikawa, and
McNamara 2013).
Conclusion and wider implications
Trends in the lake surface-area evolution of 186 lakes
in the continuous permafrost area of southwestern
Greenland during a twenty-two-year period (1995–
2017) are heterogeneous. However, it is important to
consider the effect of local climatic differences on
trends in lake surface-area evolution. When lake sur-
face-area trends were examined based on their loca-
tion under the climatic gradient (e.g., area 1 and area
2), directional trends in lake surface-area develop-
ment become apparent (e.g., net decrease in area 1
and net increase in area 2). Although not all lakes
demonstrate any variation in lake surface area, the
trends identified in this study suggest that changes in
the regional climatic gradient in southwestern
Greenland combined with lake catchment geomor-
phology (e.g., catchment:lake ratio, lake surface area,
aspect, microclimate, etc.) could account for hetero-
geneous lake-surface development in this region.
Heterogeneous trends in lake number, size, and evo-
lution have been reported in other continuous and
discontinuous permafrost regions, including arctic
Alaska (Hinkel et al. 2007; Riordan, Verbyla, and
McGuire 2006), Canada (Carroll et al. 2011), Siberia
(Karlsson, Lyon, and Destouni 2014; Smith et al.
2005), and Norway (Sannel and Kuhry 2011).
However, only one Canadian study has attributed
these heterogeneous trends to the interaction of land-
scape and climatic drivers (Carroll et al. 2011).
In response to climate change in the Arctic (i.e.,
increased temperatures and precipitation), permafrost is
predicted to become less extensive, and the active layer is
expected to increase in thickness (Serreze et al. 2000).
Furthermore, permafrost simulations suggest a decrease
in near-surface permafrost in the next decade (Lawrence,
Slater, and Swenson 2012). There are limited data avail-
able for permafrost degradation and the extent of the
active layer in southwestern Greenland. However,
increasing lake surface area at some sites where tempera-
ture increases have caused a net decrease in lake level
(area 1) highlight the need to determine active-layer
changes. Although the lakes in this region are not ther-
mokarst lakes, increases in the lake surface area of some of
the closed lakes may suggest the onset of permafrost
degradation in some lake catchments. Additionally, lake
altitude may account for some of the variability in lake
surface area; lakes with a higher elevation may not warm
as much as lower-altitude lakes.
The lakes of southwestern Greenland cover a large
surface area in this region of the Arctic and are important
ecosystems and sediment and carbon sinks and sites for
biogeochemical cycling in the landscape. This region is
already undergoing changes in response to climate change
(Anderson et al. 2017), and this study has highlighted that
regional climate changes and catchment geomorphology
may be important controls on lake development in these
lake systems. However, much more data are needed to
understand how climate will interact with lakes and their
catchments in this region and to determine whether the
active layer is increasing in depth. In particular, long-term
regional and catchment-scale trends in climate need to be
used in conjunction with lake catchment Digital Elevation
Models to determine regional-scale lake response to pre-
cipitation and temperature changes in the future.
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